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ABSTRACT

DNA complementary (cDNA) to the RNA genome of sugarcane mosaic
virus strain H (SCMV-H) was synthesized using avian myeloblastosis
virus reverse transcriptase and oligo(dT) as primer.

Second strand

synthesis used the same enzyme and oligo(dG) primer after tailing the
first strand with oligo(dC).

Double-stranded cDNA was inserted into

the PstI site of plasmid pBR322 by the G-C tailing method and cloned
in Esherichia coli HB101.

Twenty recombinant clones containing SCMV-H

sequences were obtained, but most had inserts less than 500 base pairs
(0.5 kbp).

Two plasmids, S47-6 and S47-20, however, had larger

inserts of 1.2 kbp and 2.7 kbp, respectively and were used for further
study.

These two plasmids had some SCMV-H sequences in common, but

did not share any BamHI, EcoRI, Hindlll, PstI, or Sail restriction
sites.
Dot blot hybridization, which involves spotting crude plant
extracts on nitrocellulose filters and hybridizing with

32

P-labeled

recombinant S47-6 or S47-2Q plasmid DNA, proved to be a rapid and
sensitive method for detecting SCMV-H infection.

Sap from

SCMV-infected plants diluted 1/1000 to 1/3000 gave detectable
hybridization signals as did 15 to 40 pg purified viral RNA.

Dot blot

hybridization also revealed that SCMV strain I, but not SCMV strains
A, B, D, M, and J, has sequences in common with the strain H-derived
clones.

v

Northern hybridization of single-stranded RNA from SCMV-infected
tissue showed that, besides genomic RNA, a series of smaller RNAs with
sizes of 7.9, 6.6, 4.7, 2.8, 1.5, 1.2, 0.9, and 0.7 kb hybridized to
the probe.

No discrete viral double-stranded RNA species were found.

Serologically specific electron microscopy of plant extracts was used
to demonstrate a series of discrete less-than-full-length virus
particles, two of which correlate with the 7.9 and 6.6 kb RNAs.

INTRODUCTION

Sugarcane mosaic virus (SCMV) causes an important disease of
sugarcane.

Commercial plantings in Louisiana are approximately 10 to

80 per cent infected with SCMV.

This level of virus infection is

unprecedented for a major field crop.

The loss of sugar due to SCMV

infection is over 50 per cent with many commercial varieties (28).
Approximately three-fourths of the acreage in Louisiana is planted
with the variety CP 65-357.

This variety is very susceptible to SCMV

strain H (SCMV-H), which is the predominant strain in the State (26).
In addition, a dual infection of SCMV-H and the ratoon stunting
disease (RSD) organism causes a synergistic loss on variety CP 65-357
some 30 times more than the loss caused by RSD alone.
Virus diseases of crops are best controlled with resistant
varieties.

Since there are no suitable varieties resistant to SCMV-H,

an effort should be made to control this serious disease by proper
management of the crop.

An important aspect of proper crop management

for sugarcane production in Louisiana would include a program to
produce planting material free of SCMV-H.

Virus diseases of other

vegetatively propagated crops have been controlled by using clean
planting material, thus there is reason to believe that such a
procedure would be an economic success if applied to sugarcane
production in Louisiana.

A reliable method for assaying a large

number of samples for SCMV is prerequisite for a successful program to
obtain clean sugarcane planting material.
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Detection of virus infection has traditionally involved visual
inspection for symptoms, transmission to indicator plants or
serological testing.

Visual inspection, which is used currently in

sugarcane breeding programs, does not detect late infections and can
also lead to both the selection of varieties giving mild symptoms to
existing strains of the virus or selection of a new mild strain of the
virus.

Either outcome can result in released varieties that act as

reservoirs of virus infection.

The use of indicator plants is very

sensitive, but requires a great deal of greenhouse space and labor.
Enzyme-linked immunosorbent assay(ELISA) (3) has the characteristics
required for large-scale screening for viruses, but requires milligram
quantities of pure virus for antiserum production.

This poses a

problem for many viruses, including SCMV (24), which are difficult to
purify due to virion aggregation and low titer in infected tissue.
There are over 20 published methods for purifying the various strains
of SCMV (see 51) and many authors report inability to reproduce
previously published purification schemes.

ELISA has been used by two

laboratories for the maize dwarf mosaic virus (MDMV) strains (42) of
SCMV (44,49), but routine production of suitable (32) antiserum
definitely limits the use of this technique for PVY group viruses.
Serological techniques specifically detect the protein component
of the virion.

Nucleic acid hybridization techniques

specifically

detect the nucleic acid portion of the virus and provide an
alternative method for viral disease diagnosis.

Liquid hybridization

has been used (30), but does not lend itself to assaying many samples.
Another technique that involves hybridization of a radioactive
complementary DNA (cDNA) probe to samples spotted on nitrocellulose
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filters (termed "dot blot hybridization"), has been successfully
applied by Owens and Diener (40) to rapidly and reliably detect potato
spindle tuber viroid (PSTV)

in potato.

Recently, the use of dot blot

hybridization to detect several plant viruses has also been described
using cDNA prepared from purified genomic RNA (35) or radioactive
viral double stranded RNA (46).

Molecular cloning of cDNA sequences

by recombinant DNA techniques used in conjunction with dot blot
hybridization, as was done originally with PSTV (40), has two major
advantages.

First, by cloning specific sequences in bacterial

plasmids, large amounts of those sequences can be prepared by standard
plasmid purification techniques so that viral RNA need not be isolated
each time a probe is required.

Second, since each bacterial clone

arises from a single recombinant DNA molecule, cloned cDNA sequences
are of absolute genetic purity.

Thus, dot blot

hybridization using

cloned cDNA probes can be especially suitable for use with
difficult-to-purify viruses such as SCMV.
Besides potential applications for detecting virus infection,
cDNA hybridization probes have been used for studying several aspects
of virus biochemistry such as determining the amount of nucleotide
homology among virus strains (1,13,41,54) and satellites
(14,25,38,45), detecting subgenomic viral RNA's (11,39), and
investigating genome complexity (15,17).

Cloned cDNA has also

facilitated the determination of the nucleotide sequences of several
plant virus genomes (4,12,36).

It is clear that molecular cloning

techniques can be helpful in studies on genome structure,
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organization, expression, and replication, and will become more widely
used in the future.
SCMV is a member of the potyvirus group of plant viruses that is
the largest and most economically

important group of viruses (24).

These viruses reach a low titer in host plants and they are very
difficult to purify.

Consequently, little is known about the

structure and organization of potyviral genomes. The RNA of the MDMV
strain of SCMV has a molecular weight of about 3x10^ (23,43) which
corresponds to about 10,000 bases(lOKb).

Nucleotide base compositions

of MDMV are (23) of 34% AMP, 20% GMP,16% CMP and 30% UMP.

The genomic

RNA is plus strand RNA, meaning that it is infectious (43) and serves
as the messenger for viral proteins.

The RNAs of two other

potyviruses, tobacco etch virus (TEV) and tobacco vein mottling virus
(TVMV)

have 3! polyadenylated sequences as evidenced by

binding to

oligo(dT)-cellulose(20,22). More detailed studies of TEV RNA (19)
have shown, that of the RNA binding to oligo(dT)-cellulose, the length
of poly(A) ranges from 30 to 200 nucleotides and even the RNA not
binding to the cellulose has 3'-oligo(A).

The presence of poly(A)

simplifies the preparation of cDNA because oligo(dT) is an efficient
primer for DNA synthesis.
Very little is known about other aspects of potyvirus molecular
biology.

In vitro translation studies of several potyvirus RNA's

(8,22,29) present confusing results.

Otal and H&ri (39), using both

in vitro translation and cDNA hybridization, recently

presented

evidence that TEV RNA generates subgenomic RNA's, each of which acts
as a monocistronic messenger much like those of brome mosaic virus and

tobacco mosaic virus (2,47).

It is not known for any potyvirus what

sizes of viral-related double-stranded RNA (dsRNA) are generated
during infection.

Availabilty of a cloned cDNA probe can greatly

facilitate investigations to elucidate potyvirus replication strategy
and sequence of gene expression, and gives a method for comparing
different strains of the same virus at the nucleic acid level.
The present study was initiated to (i) prepare and clone cDNA
sequences of SCMV strain H, (ii) develop a procedure for screening
sugarcane for SCMV infection using
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P-labeled cDNA, (iii) determine

the amount of nucleotide sequence homology of SCMV strains A, B, D, I,
J and M with strain H, and (iv) investigate the number and sizes of
viral-specific RNA's present in SCMV-infected tissue.

MATERIALS AND METHODS

Viruses. Isolates of sugarcane mosaic virus (SCMV) strains A, B,
D, H, I and M, originally obtained from the U.S. Sugarcane Field
Station, Houma, LA, were provided by K.E. Damann and R.L. Schlub,
Louisiana State University.

SCMV strain H was maintained in Rio

sorghum, Sorghum bicolor (L.) Moench "Rio", and the other strains were
maintained in sugarcane (Saccharum officinarum L.) variety POJ 234.
SCMV strain J was collected from naturally infected Johnsongrass,
Sorghum halepense (L.) Pers.
Enzymes. Proteinase K was from Beckman.

Avian myeloblastosis

virus reverse transcriptase, terminal deoxyribonucleotidyl transferase
(TdT), polynucleotide adenylyltransferase (poly A polymerase), and
restriction endonucleases were from Bethesda Research Laboratories.
Lysozyme was from Sigma.
Other reagents. Plasmid pBR322, cut with PstI and tailed with
Oligo(dG), was obtained from Bethesda Research Laboratories.
^H-labeled ATP and dATP, and (a-^^P)-labeled dCTP were from ICN
Pharmaceuticals.
Biochemicals.

01igo(dT)^Q and oligo(dG)^ were from P-L

Deoxyribonucleotide triphosphates (dNTPs) and ATP were

from Sigma, and nuclease-free sucrose was from Bio Rad.
Nitrocellulose paper and the filtration manifold were from Schleicher
and Schuell.
Isolation £f SCMV-H RNA.

The method used was essentially that of

Pring and Langenberg (43), except the buffers employed are those of
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vonBaumgarten and Ford (53).
were done at 4°C.

Unless indicated otherwise, all steps

Virus-infected Rio sorghum leaves were harvested

2-3 weeks after mechanical inoculation and ground with 4 ml/g tissue
50 mM sodium phosphate (pH 9) containing 10 mM diethyldithiocarbamate.
After filtering through cheesecloth, the sap was stirred with 5% v/v
CHCl^

for 30 min. before centrifuging 15 min. at 10,000 rpm (10K) in

a Sorvall SS-34 rotor.

The supernatant was filtered through glass

wool, adjusted to 0.3 M NaCl and 6% w/v polyethylene glycol 6000,
stirred 30 min., and again centrifuged 15 min. at 10K.

The pellets

were resuspended overnight in 1/10 original volume 50 mM sodium
phosphate (pH 7.5) and 10 mM EDTA.

After centrifuging again at 10K,

the supernatant was layered on 5 ml of 30% sucrose (in the same
buffer) and centrifuged in a Beckman type 30 rotor for 2.5 hr. at 28K.
The resulting pellets were resuspended in 1/100 original volume 50 mM
phosphate (pH 7.0) and particulate material removed by centrifugation
for 10 min. at 5K.

The suspension was loaded on a Beckman SW55Ti

rotor, centrifuged 1 hr. at 33K, and the pellets resuspended in
sterile ^ 0

(1/1000 original volume).

The virus suspension was mixed with an equal volume of RNA
extraction buffer consisting of:

200 mM ammonium carbonate (pH 9), 2

mM EDTA, 2% sodium dodecylsulfate (SDS), 200 yg/ml bentonite, and 200
yg/ml proteinase K (8), and incubated at room temperature for 15 min.
The nucleic acid preparation was layered on linear 10-40% sucrose
(nuclease-free) gradients in 10 mM Tris-HCl (pH 7.2), 100 mM NaCl, 1
mM EDTA, and 0.1% SDS, and centrifuged at 20°C in a Beckman SW41 rotor
for 4 hr. at 40K.

The RNA containing zones were located and
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collected with an ISCO density gradient fractionator and ultraviolet
scanner, made to 0.2 M sodium acetate, and the RNA precipitated with 3
volumes of ethanol.

The RNA was quantified by spectrophotometry using

an A26q of 25 for a 1 mg/ml solution.
cDNA Synthesis. DNA complementary (cDNA) to RNA from SCMV strain
H was synthesized in 50 pi reaction mixtures containing 50 mM Tris-HCl
(pH 8.3), 40 mM KC1, 15 mM MgCl, 5 mM dithiothreitol, 1 mM each dNTP,
8 pCi

3
H-dATP, 1 pg oligo(dT)^Q, 2 pg SCMV RNA, and 55 units reverse

transcriptase, and incubated at 42°C for 2 hr.

Incorporation of

radioactivity was monitored by spotting 2 pi on filter paper
pre-treated with 10 pi 100 mM ATP and washing, batch-wise, 3 times in
ice-cold

10% trichloroacetic acid and twice in ice-cold 95% ethanol.

The filter papers were then placed in a toluene-base scintillation
cocktail and counted.

After extracting with an equal volume of

phenol-CHCl^ (1:1 v/v), the RNA was hydrolyzed by adding an equal
volume of 0.4 M NaOH and incubating at 60°C for 1 hr.

The reaction

mixture was then passed through a 10 ml Sephadex G-100 column in TEN
(10 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 1 mM EDTA) and the cDNA
precipitated with ethanol.
Second strand synthesis followed the procedure of Land et al.
(21) The cDNA was tailed with dC residues in a 25 pi reaction mixture
containing 1 mM dCTP, 9 units TdT, and the buffer supplied by the
manufacturer.

The reaction was terminated after 5 min. by adding 1 pi

0.5 M EDTA, phenol-extracted, and the tailed cDNA precipitated with
ethanol after the addition of 25 pi 4 M ammonium acetate.

The second

strand was then synthesized under the same conditions as the first
32
strand, except ( P)dCTP and oligo(dG)^Q were used.

The
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double-stranded cDNA was phenol-extracted and separated from
unincorporated nucleotides by spun-column gel filtration
chromotography (34) on Sephadex G-50 in TEN.
High specific activity
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P-labeled cDNA was synthesized from

SCMV-H RNA by the random primer method of Taylor et al. (50), using
100 PCi of (a-

3?

P)dCTP and 1 pg RNA and 500 pg denatured DNase-treated

calf thymus DNA per 100 pi reaction.

Unincorporated dNTP's were

removed by spun-column chromotography.
Polyadenylation of SCMV RNA. For some experiments SCMV-H

RNA

was polyadenylated before reverse transcription using the reaction
conditions of Sippel(48). RNA (4 pg) was heated to 90°C for 30 sec.
and chilled on ice before adjusting to 50 mM Tris-HCl (pH 8), 10 mM
MgCl^, 2.5 mM MnC^, 300 mM NaCl (including NaCl in the enzyme
preparation), 0.25 mM ATP containing

3

150 pCi/ml ( H)ATP, 500 pg/ml

bovine serum albumin, and 30 units/ml poly A polymerase.

Incubation

of a 25 pi total volume for 10 min. at 37°C resulted in the addition
of 50 to 100 AMPs per RNA 3' end.

The polyA-tailed RNA was

phenol-extracted and precipitated with ethanol.
Construction and cloning of hybrid plasmids. Double stranded
cDNA was tailed with oligo(dC) by the same method used for tailing
first-strand cDNA.

Approximately 200 ng dC-tailed cDNA was mixed with

250 ng dG-tailed plasmid pBR322 in 250 pi TEN buffer and annealed by
incubating 5 min. at 65°C, 1.5 hr. at 57°C, and cooling to 42°C for 3
hr.

After annealing, 100 ng recombinant DNA was mixed with 200 pi

CaCl-treated (34) Escherichia coli HB101 cells, and kept on ice 30
min.

The cells were heat-shocked at room temperature 10 min., 37°C 2
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min., and again at room temperature 10 min.

1 ml LB broth was added,

the cells were spread on LB agar containing 15 pg/ml
tetracycline and incubated at 37°C for 36 hr.
Tetracycline-resistant colonies were tested for sensitivity to
ampicillin and transfered to nitrocellulose filters.

Colony

hybridization was done according to the method of Grunstein and
Hogness (16) with 10^ cpm randomly primed cDNA in 3X SSC ( I X SSC is
150 mM NaCl and 15 mM sodium citrate) and 1 X Denhardt's solution
(Denhardt's solution is 0.02% polyvinylpyrrolidone, 0.02% Ficoll, and
0.02% bovine serum albumin).

The filters were washed twice for 1 hr.

in 200 ml 1 X SSC and 0.1% SDS at 65°C then autoradiographed
overnight.

Colonies giving positive hybridization signals were

maintained on tetracycline medium.
Small scale preparations of recombinant plasmids were done by the
alkaline lysis method (34).

1.5 ml of an overnight culture in L-broth

was centrifuged 1 min. in a microcentrifuge and the supernatant
removed by suction.

The bacterial pellet was resuspended in 100 pi 25

mM Tris-HCl (pH 8), 10 mM EDTA, 50 mM glucose, and 4 mg/ml lysozyme.
After 5 min. at room temperature 200 pi of 200 mM NaOH and 1% SDS were
added and the mixture kept on ice for 5 min.

Protein and denatured

chromosomal DNA was removed by adding 3 M potassium acetate (pH 4.8)
and centrifuging 5 min at 4°C.

The supernatant was extracted with an

equal volume of phenol-chloroform (1:1 v/v) and then the plasmid
precipitated with 2 volumes ethanol at room temperature for 2 min.
RNA was removed by resuspending the pellet in 50 pi 10 mM Tris-HCl (pH
8) and 1 mM EDTA (TE buffer), containing 20 pg/ml boiled pancreatic
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RNase.

The resulting plasmid DNA preparation was suitable for

restriction nuclease analysis.

Larger quantities of plasmid DNA were

prepared by scaling-up the above procedure except RNase was not used,
followed by equilibrium centrifugation in cesium chloride density
gradients (starting density 1.55 g/ml ) containing 600 pg/ml ethidium
bromide.
Restriction endonuclease mapping. Plasmid DNA was digested with
restriction endonucleases BamHI, EcoRI, Hindlll, PstI, and Sail using
5-10 units enzyme per 0.5 pg DNA and the standard buffer supplied with
the enzymes.

Digested fragments were analyzed by electrophoresis on

1% agarose gels in 40 mM Tris-actate (pH 7.8), 2 mM EDTA buffer.
Dot blot procedure.

Samples of leaf tissue from virus-infected

and healthy sorghum or sugarcane were ground with 4 volumes 100 mM
Tris-HCl (pH 8), 10 mM EDTA, 100 mM NaCl, 0.1% Triton X-100.

Debris

was removed by centrifuging 1 min. in a microcentrifuge and 4-10 yl
portions were spotted onto nitrocellulose filters which had been
air-dried after soaking in 20 X SSC (51).

The filters were allowed to

dry and the baked in vacuo at 80°C for 2 to 4 hr.
Northern blots. RNA was extracted from infected and healthy
sorghum by grinding in the presence of liquid nitrogen and homogenized
with 4 ml/g tissue sterile 100 mM Tris-HCl (pH 8.5), 400 mM NaCl, 10
mM EDTA, 0.5% SDS, and 0.5% 2-mercaptoethanol.

After filtering

through cheesecloth, the mixture was homogenized with an equal volume
of phenol-chloroform and centrifuged 10K for 20 min. at 4°C.

The

aqueous phase was extracted with phenol two more times before
precipitation with 2.5 volumes ethanol.

Double-stranded RNA was
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isolated by binding to cellulose in the presence of 15% ethanol (37),
and single-stranded RNA isolated by precipitating with 2 M LiCl.

The

RNA was electrophoresed on either 1% agarose-2.2 M formaldehyde gels
(34), or 1% agarose-6 M urea gels (33), and transferred to
nitrocellulose filters with 20 X SSC (51) after soaking the gels in 50
mM NaOH 30 min. and neutralizing in 0.1 M Tris-HCl (pH 7.5) 30 min.
The filters were baked in vacuo at 80°C for 2 hrs.
Hybridizations.
4 hr.at 65°C

Baked nitrocellulose filters were prehybridized

in 3 X SSC, 5 X Denhardt's solution, 0.5% SDS, and 100
2

Ug/ml denatured salmon DNA, using 200 yl solution per cm .

6

10

cpm
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nick-translated plasmid DNA (prepared using (a-

P)dCTP and a

nick-translation kit from Bethesda Research Laboratories) was added
and hybridization carried out for 16-24 hrs. at 65°C.

The filters

were washed twice at room temperature for 15 min. in 2 X SSC, 0.1%
SDS, twice for 1 hr. at 65°C in 0.5 X SSC, 0.1% SDS, and allowed to
dry.

Autoradiography was done at -70°C using Kodak X-Omat (AR) film

and a Dupont Cronex Lightning-Plus intensifying screen.
Electron microscopy.

Serologically specific electron microscopy

(SSEM) was done as described (6,7,10) using antiserum to SCMV strain H
(American Type Culture Collection PVAS 51) and antiserum to dsRNA
(provided by R. M. Lister, Purdue University).

Samples for SSEM of

virions were prepared by mincing SCMV-infected leaves in cold TEN
buffer (pH 7.5), and those for dsRNA assays were prepared by grinding
infected leaf tissue in 100 mM Tris-HCL (pH 8), 100 mM NaCl, 10 mM
EDTA, and 5 M urea (4 ml/g tissue) then diluting 5-fold in TEN.

RESULTS

RNA isolation.

Preliminary experiments indicated that SDS-phenol

extraction of partially purified virus gave poor yields of genomic RNA
(15 ng/g tissue).

Degradation of virions with SDS and proteinase K

followed by sucrose gradient centrifugation resulted in an RNA
preparation that sedimented as a single zone (Fig. 1) with 10-fold
better yields (equivalent to 3 yg virus/g tissue).
cDNA synthesis. Transcription of SCMV RNA into cDNA by reverse
transcriptase was stimulated about 4-fold by the addition of oligo(dT)
(Table I).

Since transcription of cowpea mosaic virus (CPMV) RNA,

which is known to have a poly(A) tail (9), was stimulated almost
10-fold by oligo(dT), the effect of polyadenylating SCMV-RNA in vitro
on cDNA synthesis was investigated.

Addition of 50-100 adenosine

residues per RNA 3' end had, however, no effect (Table I), and it is
likely that CPMV-RNA is simply a better substrate for the enzyme.
Overall synthesis represented 30-50% of the SCMV RNA template.

The

cDNA was made double stranded by tailing the first strand with
poly(dC) and using oligo(dG) for priming second strand synthesis (31).
About half the input cDNA was converted to double-stranded form.
Cloning SCMV cDNA sequences. Tailed double-stranded cDNA was
inserted into the PstI site of pBR322 and used to transform IS. coli
HB101, resulting in about 200 colonies per 100 ng recombinant DNA.
Over 95% of these clones were also ampicillin sensitive, showing that
DNA had been inserted into the plasmid vector.
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Fig. 1. Photometric scanning pattern of sugarcane mosaic virus RNA
centrifuged in a 10-40% linear sucrose gradient. Virions were
degraded by treatment with SDS and proteinase K at pH 9 prior to
layering on gradients and centrifuging 4 hr. at 40,000 rpm in a
Beckman SW41 rotor.
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TABLE 1. Incorporation of
P-labeled dCTP into acid-precipitable DNA
by avian myeloblastosis virus reverse transcriptase.

Template
RNA

pmole dCTP incorporated
per pg template RNA

SCMV RNA

75

SCMV RNA +
oligo(dT)
polyA-tailed
SCMV RNA +
oligo(dT)
CPMV RNA
CPMV RNA +
oligo(dT)
Si

SCMV-Sugarcane mosaic virus.

Stimulation
by primer

-

325

4.3

300

4.0

75
700

CPMV-Cowpea mosaic virus.

Ratio of dCTP incorporation with RNA plus oligo(dT) primer to
incorporation with RNA alone.

9.3
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Fig. 2. Representative autoradiogram from colony hybridization of
transformed E. coli HB101. Tetracycline-resistant,
ampicillin-sensitive colonies grown and lysed on a nitrocellulose
filter were hybridized (16) with
P-labeled cDNA prepared from SCMV
RNA (50). About 15% of the transformants gave strong hybridization
signals (arrows) indicating clones containing SCMV-specific sequences.
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the strongest hybridization signals (e.g. Fig. 2) were selected after
colony hybridization, and PstI digests of small-scale plasmid
preparations from these were analyzed on 1% agarose gels (Fig. 3).
Two plasmids (S47-6 and S47-20) with the largest inserts were used for
hybridization studies.
Restriction sites (Fig. 4) on the two plasmids were mapped by
partial and complete digestions.

SC46-6 contains a 1200 base pair

(1.2 Kbp) insert and S47-20 contains a 2.7 Kbp insert.

Digestion of

S47-20 with PstI followed by Southern hybridization with S47-6 reveals
that the 0.75 Kbp PstI fragment of S47-20 has sequences in common with
S47-6 (Fig. 5), but there seem to be no restriction sites in common.
The position of the sequences represented by the cDNA clones on the
RNA viral genome was not determined.
SCMV detection. The purity of sequences achieved by cloning cDNA
is demonstrated in Figure 6.

Total starting cDNA (generated by the

random primer method, ref. 50), while enriched for virus-specific
sequences, still hybridized with host nucleic acids in sap extracted
from healthy and SCMV-infected tissues spotted (dot blots) on
nitrocellulose.

Cloned cDNA, on the other hand, only hybridized to

sequences from infected tissue.
The sensitivity of dot blot hybridization was investigated by
spotting dilutions of viral RNA and sap from SCMV-infected sorghum.
As little as 15-41 pg RNA and sap diluted 1:1000 to 1:3000 gave
positive hybridization signals.

SCMV was detectable by SSEM in

identical sap dilutions down to 1:1000.

Dilution of infected sap with

healthy sap reduced the sensitivity about 10-fold (Fig. 7), possibly

18

Fig. 3. Size determination of DNA inserts in recombinant plasmids.
Small-scale plasmid preparations (34) were digested with PstI and
electrophoresed on a 1% agarose gel (lanes 2-6, 8-11) and stained 15
min. with ethidium bromide (1 pg/ml in water). Lanes 1 and 12: PstI
and BamHI double digest of pBR322 DNA (3.2 and 1.1 kbp). Lane 7:
Hindlll digest of lambda DNA (23, 9.4, 6.6, 4.4, 2.3, 2.0, ana 0.56
kbp) .
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Fig. 4. Restriction endonuclease cleavage sites on SCMV cDNA inserts
in recombinant plasmids S47-6 and S47-20. Cleavage sites of PstI (P),
Sail (S), BamHI (B) , and EcoRI (E) are shown for S47-6 (upper map) and
S47-20 (lower map). The orientation of the inserted DNA in the
plasmid vector is such that the EcoRI site of pBR322 is to the left
and the BamHI site is to the right.
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Fig. 5. Sequence homology between S47-6 and S47-20. Plasmids were
digested with PSTI and electrophoresed on a 1% agajjgse gel prior to
blotting to nitrocellulose and hybridization with
P-labeled S47-6
DNA (southern blot). Lane 1, PstI + BamHI digest of pBR322; Lane 2,
S47-6; Lane 3, S47-20. Arrows show the positions of the 0.90, 0.75,
and 0.6 kbp (top to bottom) PstI fragments of S47-20.
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Fig. 6. Detection of SCMV strain H sequences with cDNA probes.
Ground tissue samples from SCMV-infected (S) and healthy (H) Rio
sorghum were serially diluted 1:2 in water and 10 yl each applied to
nitrocellulose filters. A) Autoradiograms of dilutions 1/4 through
1/128 spotted and hybridized with total cDNA. B) Autoradiograms of
dilutions 1/64 through 1/8182 spotted and hybridized with S47-6 and
S47-20 DNA.
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Fig. 7. Autoradiograms of dot blot hybridizations with
P-labeled
S47-20 DNA. A) Serial dilutions of SCMV RNA (1=2500, 2=625, 3=156,
4=40, 5=10, and 6=3 ng). B) Serial 3-fold dilutions of SCMV-infected
sorghum tissue in healthy sorghum sap (HS) or water (W). Ten
microliters of 1/108 (1), 1/324 (2), 1/972 (3), 1/2916 (4), and 1/8748
(5) dilutions were spotted. C) Sap from SCMV-infected sorghum diluted
1/4 and (1) spotted directly; (2) made 100 mM in NaOH, neutralized,
and spotted; and (3) made 2.2 M in formaldehyde, heated to 65°C, and
spotted. Ten microliters of sap expressed from infected sorghum with
pliers (4) and spotted.
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by competition of host nucleic acids and proteins with viral RNA for
binding sites on the nitrocellulose.
Other factors affecting the strength of hybridization signal were
also investigated.

Use of Triton X-100 in the extraction medium

increased sensitivity as did treatment of the samples with NaOH
followed by neutralization with acetic acid.

Denaturation with

formaldehyde reduced the hybridization signal (Fig. 7).
Field-collected samples from sugarcane varieties CP 74-383 and CP
65-357 exhibiting mosaic symptoms gave strong signals (Fig. 8), while
25 samples each from symptomless plants were negative.
Sequence homology of
sugarcane variety POJ 234

virus strains. Dot blots of

sap from

plants infected with SCMV strains A, B, D,

H, I, or M and sap from Johnsongrass infected with SCMV strain J
(MDMV-A) were hybridized with the SCMV strain H-derived cDNA clones.
Only strains H and I gave positive results under the hybridization
conditions used (Fig. 9) which might not detect weak homologies.

Less

stringent washes resulted in the hybridization probe binding to sap
from both healthy sugarcane and unrelated plants (tobacco and
soybean).
Viral-related RNA's.

Even though the relation of

to position on the genomic RNA is not known, it was

the cDNAclones

of interest to

examine the sizes of the RNA which were hybridizing to the probes.
Northern blots of LiCl soluble RNA from SCMV-infected sorghum
separated on 0.7% agarose-formaldehyde gels revealed a series of eight
species smaller than the full-length genome with apparent sizes 7.9,
6.6, 4.7, 2.8, 1.5, 1.2, 0.9, and 0.7 Kb (Fig. 10).

Preparations of
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Fig. 8. Detection of SCMV in sugarcane. Leaf tissue from mature
sugarcane, collected September, 1983, was ground in buffer and 1/4
dilutions spotted. Row 1, plants with mosaic symptoms; and rows 2 and
3, plants without symptoms. A) Sugarcane variety CP 65-357.
B) Sugarcane variety CP 74-383.

Fig. 9. Hybridization of SCMV strain H cDNA clones to other SCMV
strains. Sap dilutions of 1/4, 1/16, and 1/64 from sugarcane variety
POJ 234 plants infected with SCMV strains H, I, A, B, D, or M, and
Johnsongrass infected with SCMV strain J were applied to
nitrocellulose and hybridized with plasmids S47-6 and S47-20.
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Fig. 10. Detection of viral-related RNAs that are complementary to
recombinant plasmid S47-6. RNA extracted from virions (lane 1) or
SCMV-infected tissue (lane 2) was electrophoresed in a 0.7%
agarose-2.2 M formaldehyde denaturing gel and subjected to northern
hybridization with S47-6. A Hindlll digest of lambda DNA, detected by
staining, was used to determine sizes. Arrov/s denote position of RNA
bands with sizes (from the top) of 10, 7.9, 6.6, 4.7, 2.8, 1.5, 1.2,
0.9, and 0.7 kb.
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dsRNA isolated by the method of Morris and Dodds (37) and separated on
6 M urea-agarose gels revealed a heterogenous population of molecules.
The yield of dsKNA was also poor, which is surprising considering the
high levels of dsRNA detectable by SSEM (Fig. 11).

The electron

micrographs also show molecules of heterogenous size, many of which
seem to be branched.

The significance of the thickened regions seen

on many of the dsRNA molecules is not known.
It was also of interest to see if the subgenomic-sized RNA's were
encapsulated into virions.

SSEM of infected tissue minced to reduce

breakage of virions (Fig. 12) revealed a series of distinct lengths
less than full size (Fig. 13), but only those with lengths of 475 and
575 nm closely and distinctly represented RNA sizes (7.9 and 6.6 Kb
respectively) present in RNA preparations.

Fig. 11. Serologically specific electron microscopy (SSEM) assay
dsRNA from SCMV-infected sorghum. Some molecules appear branched
(arrow). Scale bar represents 500nm.

Fig. 12. SSEM assay of sugarcane mosaic virus. Despite mincing
infected sorghum tissue in buffer to minimize shearing forces,
numerous shorter particles (arrows) are present. Scale bar represents
500nm.
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Fig. 13. Histogram of SCMV particle lengths. Electron micrographs
similar to Fig. 12 were projected at a final magnification of 150,000
and a total of 107 particles measured.

DISCUSSION

This study demonstrates the applicability of dot blot
hybridization for the detection of SCMV.

The technique has many

qualities that recommend it for use in large-scale screening programs.
Hybridization proved to be just as sensitive in detecting SCMV as
SSEM, and it has been shown that SSEM is as sensitive as ELISA for
assaying pea seed-borne mosaic virus (a potyvirus) (18).

Although

NaOH denaturation prior to spotting of samples increased sensitivity,
hybridization still occurred with untreated samples suggesting that
sap expressed with roller-type rapid sampling devices could be used
directly.

Strong signals did, in fact, occur with sap expressed from

infected leaves using pliers.

Use of a filter manifold allowed easy

application of test samples and permitted quick identification of each
spot.

The hybridization, washes, and autoradiography take the same

length of time regardless of whether tens or hundreds of samples are
being tested, and since nucleic acids remain tightly bound to the
nitrocellulose (51), hybridization can be carried out days or weeks
after sampling.
The detection of SCMV in infected tissue at dilutions up to 10
using the dot blot technique is remarkable since
represents only 5% of the virion.

3

the nucleic acid

Isometric viruses containing over

30% nucleic acid should be easier to detect.

Maule et al. (35) have

recently demonstrated that as little as 5-20 pg of several isometric

31

32

viruses could be detected using uncloned cDNA.

In the case of SCMV,

detection of virus was probably enhanced by the presence of dsRNA in
extracted sap which could, after denaturation, hybridize with the
radioactive cDNA probe.

This study also demonstrates the usefulness

of recombinant DNA cloning procedures since virus-specific cDNA
sequences were obtained from starting material that also contained
host-specific sequences.

Thus inability to purify a virus no longer

prevents the development of a specific probe for detecting viral
infection.
A possible drawback to hybridization as a screening technique is
that the virus-specific probe may be too strain-specific.

In this

study the SCMV strain H-specific probe hybridized only with strain H
and the serologically closely related (5) strain I.

Other workers

have used liquid hybridization to demonstrate that viruses that are
serologically closely related have little sequence homology
(1,13,41,54).

On the other hand, serologically more distant viruses

have also been shown to have some

sequence homology (1).

The

specificity of dot blot hybridizations can easily be overcome by using
a mixture of probes specific to several strains.
The significance of the less than full size RNA's detected in
infected tissue cannot be determined because the cDNA probes have not
been completely characterized.

If the plasmids S47-6 and S47-20

contain genomic 3' sequences, these RNA's could represent
3'-coterminal subgenomic messengers such as those produced in tobacco
mosaic virus-infected tobacco (11).

It is interesting in this regard

that the sizes of the RNA's detected in SCMV-infected sorghum match

(with the exception of the 7.9 Kb RNA) those found recently in tobacco
etch virus-infected tobacco (39).

They could, however, also be

produced by the selective action of nucleases on specific parts of
genomic RNA unprotected by secondary structure.

Examination of virion

lengths can also be used to determine whether subgenomic RNA's are
produced.

For example, the subgenomic messengers of TMV are

encapsulated if they contain the coat protein recognition sequence
(2,36).

The use of SSEM allowed virions of SCMV to be observed

without being subjected to shearing forces or conditions inducing
aggregation.

The series of minor peak lengths are suggestive of

encapsulated subgenomic RNA's, and the two longer lengths correspond
to the larger two non-genomic RNA's detected by northern
hybridization.
Several unsuccessful attempts to obtain large inserts of
SCMV-cDNA were made.

The reasons for failure are not known, but it is

interesting that recently another laboratory attempting to clone the
potyvirus tobacco vein mottling virus cDNA were also unsuccessful
using the G-C tailing method (21).

They then used an alternative

cloning method involving restriction of synthesized cDNA followed by
insertion into the cloning vector.

Their method might, therefore, be

more useful in obtaining cDNA clones for use as probes.
The availability of cloned cDNA can allow the isolation of these
smaller RNA's so that the messenger activity of each can be
determined.

Sequencing of these and similar clones can ultimately be

used to determine the sizes, positions, and amino acid sequences of
open reading frames present on the SCMV genome.
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Potato Spindle Tuber Viroid-Infected Tomato Tissue Contains Circular
Double-Stranded RNA that is Equal in Size to Replicating Intermediates
of the Viroid

R. C. French, M. A. Price & K. S. Derrick
Department of Plant Pathology and Crop Physiology, Louisiana State
University Agricultural Experiment Station, Baton Rouge, LA

70803

Viroids are circular molecules of single-stranded RNA consisting
of approximately 360 nucleotides (1).

Since their discovery in 1967,

there has been considerable effort to determine how these smallest of
all known infectious agents replicate in host cells.

Earlier work

suggested that viroids replicate using DNA intermediates (2), but
rigorous hybridization experiments (3,4) failed to detect DNA
complementary to potato spindle tuber viroid (PSTV) in infected
plants, and it

has been shown that there is no specific inhibition of

viroid synthesis by actinomycin D (5).

There is considerable evidence

to suggest that the replication of viroids involves RNA intermediates.
Citrus exocortis viroid (CEV)-infected (6,7) and PSTV-infected (3,8)
tissues have been shown to contain RNA that is complementary to the
infecting viroid, and recently it was shown that DNA-dependent RNA
polymerase II, isolated from tomato, will produce full-length
complementary copies of purified viroids in vitro (9).

Since much of

the RNA complementary to CEV was shown to be double-stranded, it could
be anticipated that viroid-infected tissue contains unique species of
double-stranded RNA (dsRNA). Using serologically specific electron
microscopy (10), we have been able to detect molecules of circular
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dsRNA in crude extracts of PSTV-infected tomato.

These molecules have

contour lengths that would be expected for a double-stranded
intermediate of PSTV.
Serologically specific electron microscopy has been used to assay
for various plant viruses (10).

By using antiserum to dsRNA this

technique was used to demonstrate the involvement of dsRNA in the
replication of tobacco mosaic virus (11).

In similar assays of

PSTV-infected tomato tissue a number of circular and linear molecules
of dsRNA were observed (Fig. la).

Extracts of healthy tomato tissue

contained a similar number of linear molecules of dsRNA, but the
number of circular molecules was approximately ten times less (Fig.
lb). The assay was specific for dsRNA; neither circular nor linear
forms were seen when normal serum or antiserum to a DNA-RNA hybrid
were used in the assays.
The length of denatured PSTV has been reported to be 110 nm (12).
Using a linear density of 2.4 x 10

daltons/pm for dsRNA and a mass of

250,000 daltons, the calculated length of a dsKNA intermediate of PSTV
is 104 nm.

These lengths compare well with the modal circumference of

110 nm found for the circular dsRNA found in PSTV-infected tissue
(Fig. 2a).
With spherical viruses, the detection limits of serologically

9

specific electron microscopy have been shown to be 10
(13).

virions/ml

Since the number of circular forms attaching to grids decreases

rapidly upon dilution, the concentration of circular dsRNA in
viroid-infected tissue must be of similar magnitude, which is
consistent with the low rate of viroid accumulation (14) in the plant.
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Fig. 1.

Electron micrographs of dsRNA found in extracts of (a)

PSTV-infected and (b) healthy tomato.

Tomato (Lycopersicon

esculentum, cv. Rutgers) leaves were powdered with liquid nitrogen and
ground with 0.1 M Tris-HCl, pH 8.0, containing 10 mM Na2EDTA (Tris)
(1 ml/g of tissue).

Electron microscope grids with carbon-reinforced

Formvar films were floated on antiserum to dsRNA, diluted 1/500 with
Tris, for 30 min.

After washing with Tris the grids were placed on

drops of extract for 2.5 hr.

The grids were washed with Tris and

distilled water, dipped in 95% ethanol for 30 sec., rinsed with
distilled water, and placed on drops of 0.1 mg/ml of cytochrome C in
Tris for 15 min.

The grids were washed with distilled water and

placed on drops of 0.01 M phosphate, pH 7.2, for 15 min.

The grids

were removed from the phosphate and held in a stream of drops of 1%
aqueous uranyl acetate from a motor driven syringe equiped with a
0.2 ym filter for 30 sec.

The grids were rinsed by touching to a drop

of distilled water for 1 sec. and blotted dry.
represent 500 nm.

The scale bars
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Fig. 2.

Histograms of the circumference of circular dsRNA found in

extracts of (a) healthy and (b) PSTV-infected tomato tissue.

Electron

micrograph negatives of grids prepared as in Fig. 1 were projected and
the circular forms were traced and measured.

A total of 50 molecules

from 18 negatives of healthy and 100 molecules from 3 negatives of
PSTV-infected tissue extracts were measured.
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